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Nickel nanoparticles were synthesized by gamma-radiation and femtosecond laser 
ablation. Aqueous precursors were prepared by uniformly dispersing nickel chloride in a 2: 1 ratio 
of water and isopropanol. Stabilizers employed were Sodium Dodecyl Sulfate (SDS) and Poly 
Vinyl Pyrrolidone (PVP). Gamma-ray radio lysis of aqueous nickel precursors was investigated as 
a reducing agent for nickel cations to form atomic seeds for nucleation on multi-walled carbon 
nanotubes (MWCNTs). 30-60kGy was the dosage used in increments of 10kGy, at a rate of 
1 OkGy/hr. Isopropanol was added to consume the excess of oxidizing species produced by 
irradiation and form stable secondary radicals. The influence of an added substrate was studied by 
adding multi-walled carbon nanotubes. Post-irradiation analysis by STEM, TEM and XPS 
yielded nickel nanoparticle sizes in the range of 9-15nm, with characteristic XPS peaks 
confirming the reduction of divalent nickel ions to nickel atoms. The presence ofMWCNTs is 
proposed to adsorb a single nanoparticle at an active site and nucleation proceeds from an 
adsorbed nanoparticle to form larger clusters. The difference in particle sizes is evident from the 
average particle size distributions with increasing doses of radiation. 
Suspensions of nickel nanoparticles were also synthesized by femtosecond laser ablation. 
Pure nickel foil was subjected to laser pyrolysis in water, causing the divalent nickel cations to 
enter the plasma phase and cool down as nickel atoms in the liquid phase. These nickel particles 
were transferred to acetone, post-synthesis in deionized (DI) water. Suspensions were 
investigated for particle size, geometry and stability by STEM and TEM. Nickel nanoparticles of 
highest frequency were formed in the 3-1 Onm range. EDX and XPS were used to confirm 
chemical compositions and oxidation states of nickel atoms thus obtained. 
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1. INTRODUCTION 
A wide range of physical and chemical methods have been investigated for the 
synthesis of metal nanoparticles. Generally, nanoparticles refer to particles whose largest 
dimension is less than 30nm. At this scale, chemical characteristics are observed to 
change for many metals. Synthesis methods have been developed to exploit these 
characteristics. Experiments have revealed that based on the synthesis route, the 
geometry, size and subsequent consistency of the yield can be varied to suit different 
applications. Some of the most developed commonly used methods in literature to 
synthesize metal nanoparticles have been outlined with their advantages and limitations 
in the following sections. 
1.1. CHEMICAL REDUCTION SYNTHESIS 
The synthesis of noble metals by conventional chemical reduction processes has 
yielded a relatively higher quality of nanoparticles in terms of size (less than 1 Onm) as 
opposed to metals such as titanium and nickel. Size dependent redox properties of 
nucleating palladium nanoparticles m catalyzing dye reduction reactions was 
investigated, which showed a lowering in redox potential for palladium nanoparticles 
synthesized by chemical reduction [1] . Different factors such as volume of buffer used 
and concentration of metal precursor were observed to have an effect on the size of gold 
nanoparticles synthesized by chemical reduction and X-ray irradiation synthesis routes 
[2]. Silver nanoparticles with an average diameter of 5nm were synthesized and stability 
of nanoparticles was achieved even in a non-conventional stabilizer such as oleic acid [3] . 
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Copper nanoparticles have shown high stability but larger s1zes (~30nm) when 
synthesized by chemical reduction of copper precursors [ 4]. However, the influence of 
different stabilizer media on synthesized copper nanoparticles show that not all 
stabilizers/surfactants will perform suitably with metal nanoparticles [5]. Such metal 
nanoparticles are easier to stabilize even at sizes less than 1 Onm, owing to their tendency 
to retain a zerovalence state in solution (water or other solvents). 
The synthesis of small (1 0-20nm) nanoparticles of less noble transition metals 
such as titanium and nickel has been difficult by conventional reduction methods [6]. 
Nanoparticles of transition metals such as titanium and nickel exhibit a tendency to 
oxidize upon synthesis by chemical reduction. These particles however, have proved 
useful in electron transfer reactions and oxidative catalysis [7] . Oxide formation generally 
increases the size of nanoparticle seeds to above 1 Onm and experimental results have 
reported a 20-70nm range [8]. 
1.2.PULSED LASER SYNTHESIS 
Apart from conventional chemical reduction, other methods have been 
investigated for the synthesis of metal nanoparticles. Recent advancements in ultrafast 
(femtosecond) pulsed laser technology has opened a new window of opportunity for one-
step (without additional assembly) fabrication of micro and nanoscale photonic structures 
in various solid materials [9-12]. A femtosecond (FS) laser beam can be focused onto a 
transparent object, creating localized optical features at the focal point on the surface or 
inside the solid material. Compared with other fabrication methods, FS laser-based 
technique has the unique feature of fabricating three dimensional (3-D) microstructures 
with great flexibility. 
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Ultraviolet radiation, laser ablation and sonochemistry have also been effectively 
utilized to synthesize nanoparticles of gold [ 13 -16] where researchers contrary to logic, 
reported an increase in particle size with increasing energy of pulses employed to ionize 
the source of gold. However, the obtained particles were stable below 1 Onm in different 
stabilizers, indicating the success of the procedure. Similar behavior was observed with 
platinum nanoparticles (1-7nm) that were synthesized by laser ablation of a platinum 
plate in water and nanoparticles (1-4nm, 6-8nm) were produced in the presence of 
different stabilizers. Copper being an excellent conductor of heat; Cu and CuO 
nanoparticles have been synthesized by pulsed laser ablation in isopropanol, water, 
acetone, ethylene glycol, to name a few and was proven to be a suitable nanofluid [17]. 
Under certain conditions, the redox properties of copper tend to lower in stability causing 
oxidation of synthesized nanoparticles. 
1.3.SYNTHESIS BY IONIZING RADIATION 
Non-invasive methods such as y-ray irradiation, electron beams and X-rays have 
been studied as ionizing agents to synthesize metal nanoparticles from their salt 
precursors [18]. However, not all of the interactions that are responsible for enhanced 
physical and chemical properties of nanoparticles have been accounted for in these 
experiments. Mechanisms of nucleation, impact of experimental parameters on the 
growth of nanoparticles and the reported values of physical properties at the nanometric 
scale have not been explained and there is anomalous behavior of many metal 
nanoparticles [ 19-21] . A study of the interactions that introduce anomalies in physical 
properties of nanoparticles is to be performed. 
1.4.ECONOMIC FEASIBILITY 
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Chemical reduction synthesis primarily involves the use of metal precursor( s ), 
stabilizer/surfactant and/or buffer solutions. While the procurement of noble metal 
precursors is not cost effective for testing, the cost of synthesis is relatively moderate. 
Laser ablation of metal targets is performed by high precision micro electromechanical 
machining that produce high energy pulses. Fabrication and procurement of lasers is 
rarely feasible . However, capital investment in the setup is balanced by the extremely low 
cost of operation and the simplicity of the process. The ablation process is performed in 
water and stabilizers are either added later, or the ablated plume is transferred to a 
stabilizer solution. Laser ablation has consequently gained popularity due to the ease of 
operation and the accuracy of the process. 
Ionizing radiation is highly cost-effective where there is prior investment in 
ionizing reactor systems such as nuclear power plants, where a minor portion of the 
energy can be diverted to supplying the requisite energy for easy synthesis of metal 
nanoparticles from their aqueous precursors. Also, since the energy is available, 
synthesizing nanoparticles of low cost metals such as iron or nickel would be feasible. 
Also, the irradiation process is based on the radio lysis of water that produces strong 
oxidizing and reducing species which reduce the metal to a zerovalence state. 
Subsequently, there is a reduction in the cost of procurement of reducing agents. 
Depending on the redox properties of a metal, scavenging agents of oxidizers are added 
to prevent a loss of stability in the reduced metal nanoparticles. 
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While transition metal nanoparticles have been prepared by chemical reduction 
and laser ablation, the surface energy of nanoparticles produced are high and accordingly, 
stability is a concern. Our hypothesis, however, is that given the energy required to 
reduce metals such as nickel and titanium to their zerovalence state, the synthesized 
nanoparticles will be stable. Titanium has wide applications in oxidative catalysis since it 
is a strong reducing agent. Nickel on the other hand is a weaker reducing agent and has 
ferromagnetic properties. With the requisite energy at hand, synthesizing stable, pure 
nickel nanoparticles will be beneficial for applications requiring suspensions of thermal 
conductive, magnetic nanoparticles. 
Advances in laser machining have brought femtosecond laser ablation of metal 
targets/metal precursors to the forefront of precision manufacturing. Although the yield is 
lower than chemical reduction processes, the surface characteristics produced by laser 
ablation and the reproducibility of the process might make it preferable in many cases. 
Utilizing gamma-rays in reactor systems is likely to be cost effective for the synthesis of 
metal nanoparticles from their precursors. Accordingly, the following chapters describe a 
comparison between the specifications of nanoparticles produced by femtosecond laser 
ablation and gamma-ray irradiation. 
l.S.OBJECTIVES & MOTIVATION 
Synthesis of metal nanoparticles has been performed by a wide variety of 
methods. Free surface energy of particles is a key issue in stability; high surface energy 
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nanoparticles tend to oxidize for stability. Noble metals have low surface energies and 
hence, are stable even at sizes below 1 Onm. Transition metals such as titanium and nickel 
have high surface energies. Nickel however, has ferromagnetic properties and a thermal 
conductivity higher than iron. Nickel has been investigated for its transition in magnetic 
behavior. It has been observed that nickel hydroxide nanoparticles become 
antiferromagnetic only at temperatures as low as 22K. In the study of nanofluids, 
utilizing nanoparticles in concentrations as low as 1 wt. % has shown to cause anomalous 
spikes in overall heat transfer. Utilizing nanoparticle suspensions of metals such as 
copper and nickel with high thermal conductivity has potential uses as an inert 
component in chemical and nuclear reactor systems for heat transfer enhancement. There 
are many benefits in enhancing the thermal transport characteristics of industrial coolants 
and suspensions of nanoparticles have proved to enhance heat transfer properties of base 
fluids [22-23]. 
Nickel is also known for having high diffusivity of hydrogen, which can be 
exploited for hydrogen storage applications. However, due to a strong tendency to 
oxidize, nanoparticles of metals such as nickel have not been investigated in detail for 
potential applications that could exploit its magnetic, optical, physical and chemical 
properties. On the other hand, carbon nanotubes have been tested as possible hydrogen 
storage media. Providing a substrate such as carbon nanotubes for adsorption of nickel 
nanoparticles has great potential as nanocomposites for commercialization. 
Based on the prospective potential of nickel in chemical reaction systems, our 
objective is to synthesize nickel nanoparticles with reducing agents such as ionizing y-ray 
irradiation and femtosecond laser ablation. The effect of an added substrate (multi-walled 
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carbon nanotubes -MWCNTs) on the size ofnanoparticles produced by gamma-ray 
irradiation will also be studied. Analysis of these nanoparticles was performed by 
electron microscopy, X-ray photoelectron spectroscopy (XPS), and electron dispersive X-
ray spectroscopy (EDS) . The experimental study was aimed at providing an insight to 
common characteristics induced in nickel nanoparticles by both processes, and a holistic 
approach to understanding nanoscale particle interactions. 
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PAPER 
I. EFFECT OF MULTI-WALLED CARBON NANOTUBES ON 
SYNTHESIS OF NICKEL NANOPARTICLES BY GAMMA-IRRADIATION 
Abstract: The effect of addition of multi -walled carbon nanotubes (MWCNTs) as a 
substrate for adsorption of nickel nanoparticles was studied. Nickel nanoparticles were 
synthesized by gamma-irradiation of aqueous nickel precursors between 30 and 60kGy. 
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Nickel salts with high aqueous solubility and high doses of radiation (50kGy<) favor the 
formation of smaller nickel nanoparticles. MWCNTs were functionalized by reflux with 
nitric acid to enhance the adsorption of nickel nanoparticles by increasing the number of 
active sites. Poly Vinyl Pyrrolidone (PVP) was used as a stabilizer to prevent coalescence 
ofNi0 seeds and an isopropanol-water mixture was used as the reaction medium. 
Keywords: carbon nanotubes, nanoparticles, nickel, gamma irradiation, radiation 
induced chemistry 
1. INTRODUCTION 
Conventional reduction methods have successfully been used to synthesize 
nanoparticles of noble metals. Ultraviolet radiation, laser ablation and so no chemistry 
have been utilized to effectively synthesize noble metals such as gold and silver [1-2]. 
Copper being an excellent conductor of electricity, has been investigated and proven as a 
suitable nanofluid by pulsed laser ablation in isopropanol, water, acetone, ethylene 
glycol, to name a few [3]. Owing to low reduction potentials, copper and noble metal 
nanoparticles are stable as small clusters ( <1 Onm) for long periods of time. 
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Nickel on the other hand, is a strong reducing agent unlike the above mentioned 
metals. Nickel nanoparticles have been effectively synthesized as colloids for catalysis by 
chemical reduction methods and as NiCo alloys. Pulsed femtosecond laser ablation of 
nickel targets in vacuum and continuous-wave laser ablation to synthesize NiO 
nanoparticles have produced reproducible results [3] and proposed mechanisms of 
dissipation of heat energy at different depths during the ablation process that cause the 
ejection of nanoparticles have been proposed [ 4]. The post-irradiation of a nickel 
nanoparticle plume produced by femtosecond laser ablation has shown an influence on 
resulting particle size [ 1]. While electrochemical synthesis of stable nickel nanoparticles 
( ~5nm) has been successful in the presence of stabilizers, this may not be suitable to most 
reactor cooling systems. Ionizing radiation has gained importance as a method to reduce 
nickel salts in aqueous precursors to pure metallic nickel [5-9]. Ionizing radiolysis of an 
aqueous metal precursor yields radicals of water and ions of the metal salt. The chemical 
simplicity of this process has been utilized in microwave, gamma-ray, and electron beam 
irradiation techniques. Silver and nickel hydroxide nanoparticles, as well as palladium 
nanoparticles adsorbed on multi-walled CNTs obtained by gamma-ray radiolysis of 
aqueous metal precursors, have opened a route to synthesize nanoparticles of pure nickel. 
Nickel nanoparticles have great potential for applications in heat transfer and hydrogen 
storage applications. 
Outstanding physical, chemical and electro-mechanical properties have brought 
carbon nanotubes (CNTs) to the forefront of micro and nanotechnology ever since their 
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discovery [ 1 OJ. Their high thermal conductivity in fluid suspensions has suggested 
potential use in enhancing industrial heat transfer efficiency [11-12]. CNTs have been 
also investigated for their mechanical properties due to their low mass and high tensile 
strength (tenfold that of Stainless Steel). The current energy crisis and concerns with our 
environment are boosting our interest in renewable and eco-friendly sources of energy. 
Hydrogen has been considered as a reliable and environmentally friendly energy carrier 
for both portable and stationary applications. 
Hydrogen needs to be safely and reversibly stored to be useful as an energy 
carrier. Carbon nanotubes are being studied as hydrogen storage devices [13]. The DOE 
target for hydrogen storage system is 6.5wt% hydrogen estimated for commercialization. 
Adsorption of hydrogen by varying coverage on CNTs and flip-in mechanisms for 
hydrogen atoms have been proposed to increase hydrogen trapping capacities of CNTs 
[14-15]. For pristine single walled CNTs, hydrogen storage capacities have not exceeded 
1 wt% due to weak C-H bonding at atmospheric pressure and 295K although hydrogen 
storage capacities have been reported up to 6wt% at cryogenic conditions: 1-2bar, 77k, 
but these conditions are not practical for commercialization [ 16-18]. Hydrogen uptake 
has been proven to be positively influenced by the MWCNT diameter [19] and the 
presence of metal catalysts. 
Hydrogen is known to form hydrides readily with many transition and noble 
metals [20]. Choosing the right metal is expected to improve the hydrogen storage 
capacity of a nanocomposite. Reported electrochemical loading of hydrogen on CNTs 
encapsulated in a Pd matrix, resulted in 8-12wt% hydrogen absorption; the mass ofthe 
encapsulating Pd however, counters the increased hydrogen storage capacity [13]. 
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Decoration ofCNTs with titanium was predicted to store 8wt% hydrogen [21] but 
experimental work has reported much lower values [22-23]. Platinum dispersed on CNTs 
are predicted to cross the DOE requirements at extremely high pressures [24]. Nickel has 
long been known for its outstanding magnetic, thermal and optical properties Nickel 
nanoparticles have been coated on CNTs by thermal evaporation [25], electroless 
deposition [26], and by impregnating CNTs with varying amounts of nickel with a 
2.8wt% hydrogen storage capacity [27] . Nickel has been studied for surface or 
subsurface hydride formations by electrochemical methods, which differs from 
conventional three-dimensional bulk hydride formations [28]. 
Our objective is to synthesize nickel nanoparticles and further design a 
nanocomposite structure (MWCNT- Ni matrix) that can potentially enhance the hydrogen 
storage capacities of pristine nanotubes by utilizing nickel hydride formation to form a 
link between the CNT walls and hydrogen atoms [13]. The work here represents a 
radiolytic procedure to synthesize nickel nanoparticles in an aqueous medium, with 
polyvinyl pyrrolidone (PVP) as a stabilizer and isopropanol as a scavenger for oxidizing 
agents produced by radio lysis of water. The resulting nanostructures were characterized 
with STEM, TEM, and XPS. The medium for reaction, the stabilizer used, concentration 
of metal salts used, interactions between carbon nanotubes, metal salt and stabilizer and 
concentration of stabilizer are all important in dictating the stability of synthesized 
nanocomposites [30]. 
14 
2. EXPERIMENTAL PROCEDURE 
Nickel sulfate hexahydrate (NiS04.6H20) and nickel chloride hexahydrate 
(NiCh.6H20) were used as sources of nickel to synthesize nanoparticles. MWCNTs with 
3-20 run outside diameter, 1-3nm inside diameter, 0.1-1 011m long were used for the 
experiments. PVP was used as stabilizer. All chemicals were purchased from Alfa-Aesar. 
MWCNTs as-obtained were subjected to further purification via acid reflux. Two 
methods were used: (i) sulfuric acid & nitric acid reflux (1 :3 v/v) (ii) nitric acid reflux. 
The nitric acid reflux appeared to decontaminate the MWCNTs without damaging them. 
The duration of reflux was then tested for three time periods: 2h, 6h and 9h. A 1 ml : 1 mg 
ratio of nitric acid was used to treat MWCNTs at 80°C for 2h and the temperature was 
maintained constant by connecting a reflux condenser. The acid mixture was then washed 
with deionized water and centrifuged to separate the MWCNTs from the water-acid 
mixture. The washing was repeated until the pH of washing water was ~7. The MWCNTs 
were then dried overnight at 80°C. FTIR spectroscopy was used to measure the enhanced 
absorbance of MWCNTs. 
Aqueous solutions ofNiS04.6H20, NiCb.6H20; PVP, and isopropanol were 
prepared. For each of the solutions, 5mM nickel salt was added to 1ml of deionized 
water-isopropanol mixture (2: 1 v/v). Three concentrations ofPVP were used: 0.1mM 
(4.4mg/ml), 0.3mM and 0.5mM. Each of these vials (per ml of water-isopropanol 
mixture) were ultrasonicated for 60 min to enhance the dispersion of salt and PVP within 
the aqueous solution, and were then degased with argon to evacuate the oxygen. 1mg 
MWCNTs was added to an identical set of samples. Each vial with a designated 
concentration of PVP was irradiated with 20, 30, 40 and 50 kGy of Cobalt- 60 gamma 
15 
rays to radiolyze the solutions. Blank samples subjected to identical circumstances minus 
radiation, were prepared to compare the effects of gamma ray irradiation on the yield of 
metal nanoparticles. 
3. RESULTS AND DISCUSSION 
Nitric acid reflux of the MWCNTs for 2h at 80°C showed an increased 
absorbance with retention of organic peaks, indicating the removal of excess metal 
content from the functional groups [30], as seen in Fig. 1 below. 
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Fig. 1: MWCNTs before and after 2h nitric acid reflux. (The red (top) and blue (bottom) 
curves indicate the FTIR spectra of purified and as-obtained MWCNTs respectively.) 
Water and isopropanol serve as the fluid medium for the radiolysis reaction. 
Gamma-ray irradiation of the aqueous precursors results in the formation of ions and 
radicals which play a role in the reduction of metal atoms; in this case, from Ni+2 to Ni0. 
Gamma ray irradiation provides the energy to ionize nickel sulfate and is sufficient to 
ensure reduction of nickel atoms [32]. Adsorption of nickel nanoparticles onto the 
functionalized sites ofthe MWCNTs was later observed. Purification ofMWCNTs via 
acid reflux increases the number of active sites available for adsorption of nickel atoms. 
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Radiation loses intensity due to interactions in a medium. In this case, gamma 
rays mostly interact with electrons. The radiation doses issued in this experiment (20-
50kGy in increments of IOkGy) produce the following species: e-, H·, ·OH, H+, H202, H2 
[29-30]. The diffusion-kinetic model [32] dictates the number of each species formed 
during radiolysis of water. It is essential to design the experiment such that the number of 
oxidizing agents produced by radiolysis are consumed by a secondary alcohol 
(isopropanol, in our case). Since nickel has the highest tendency amongst all ions in the 
solution to get oxidized (given its oxidation potential), it is necessary to strike a balance 
between the yield of species produced by radiolysis [30] to ensure maximum adsorption 
of nickel atoms on active MWCNT sites. 
The ions resulting from radio lysis of water have an affinity for electron transfer 
causing both reduction and oxidation of species in the precursors. Electrons and hydrogen 
radicals (H·) being strong reducing agents will benefit the reduction ofNi+2 to Ni0 
probably via a two-step process for divalent metal atoms [29]. On the flipside, hydroxyl 
radicals ('OH) would tend to strongly oxidize Ni0 back to Ni+2 and the isopropanol is 
introduced into the reaction medium as a scavenging agent for hydroxyl radicals [32]. 
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Considering nickel has a tendency to oxidize easily, complete adsorption of nickel atoms 
on the MWCNTs is sought during radiolysis. 
3.1. PRELIMINARY CHARACTERIZATION: 
Sodium Dodecyl Sulfate (Cr2H22S04Na) (SDS) and PolyvinylPyrrolidone (PVP) 
were used as stabilizers in a preliminary study. Samples were prepared identically, as 
mentioned before, using both . stabilizers. Electron microscopy showed nanoparticle 
formation only above 30kGy irradiation, as seen in Fig. 2 and Fig. 3. 
(a) 
Fig. 2: STEM micrograph of nickel nanoparticles adsorbed on MWCNTs with 0.07M 
SDS - 40 kGy. 
Fig. 3: TEM micrograph of nickel nanoparticles adsorbed on MWCNTs with 0.5mM 
PVP - 40 kGy. 
With SDS as stabilizer, repeated analysis after 30 days showed no presence of 
nickel nanoparticles on the MWCNT; which was not observed with the samples 





Fig. 4: STEM micrograph of (a) SDS stabilized sample showing no presence of adsorbed 
nickel nanoparticles (b) PVP stabilized sample - unchanged. 
We suspect the charge stabilization induced by surfactant micelles of SDS was 
not suitable for nickel salts since the cations tend to oxidize in aqueous form, countering 
the effect of stability produced by SDS (anionic surfactant). Also, the lowering of surface 
energy due to SDS does not suit stability of nickel nanoparticles adsorbed on MWCNTs. 
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Fig. 4(a) shows a settlement of SDS on the outer walls of a single small strand of 
MWCNTs, confirmed by EDS spectra of the outer wall. PVP on the other hand, a high 
molecular weight polymer, provides a physical obstruction that apparently prevents the 
desorption of nickel nanoparticles from MWCNTs and subsequent agglomeration, as 
shown in Fig. 4(b ). Also, among nickel sulfate and nickel chloride, the higher solubility 
of nickel chloride seems to be superior in terms of more nickel nanoparticles. Increased 
solubility at room temperature dictates a faster dissociation of ions in an aqueous 
solution, consequently helping the metal cation reduction process. Nickel sulfate samples 
showed little adsorption of nickel nanoparticles on MWCNTs. STEM analysis revealed 
large spherical NiS04 particles, mono-disperse and spread throughout the sample. We 
propose that the ionization of nickel sulfate by irradiation was not sufficient to reduce the 
ions sufficiently but caused subsequent re-combination forming bigger particles. Nickel 
chloride was accordingly chosen for further experimentation and analysis. 
3.2. NICKEL CHLORIDE EXPERIMENTS: 
3.2.1. Nickel nanoparticles. supported on MWCNTs: 
Based on the preliminary characterization, the experiments were repeated with 
higher doses of ionizing radiation namely: 40kGy, 50kGy and 60kGy. Nickel chloride 
hexahydrate was used as the source of nickel ions owing to its favorable ionization 
characteristics. The samples were prepared and irradiated as before, and the results are 
shown in Fig. 5. A higher number of nickel nanoparticles are found adsorbed on the 
MWCNTs at higher doses. Fig. 5( c) shows a white layer of PVP well dispersed over the 
nanoparticles and MWCNTs ). 
(a) 
Fig. 5: STEM micrographs of nickel chloride samples irradiated with (a) 40kGy (b) 




Fig.5: STEM micrographs of nickel chloride samples irradiated with (a) 40kGy 
(b) 50kGy (c) 60kGy gamma-rays. (contd.) 
All three nickel chloride samples showed nickel nanoparticles on the MWCNTs. 
The yield of nanoparticles is observed to have increased with the intensity of irradiation. 
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It is reasonable to propose that the functionalized MWCNTs provide active sites for 
adsorption of nickel atoms/clusters. At higher doses, higher yields of nanoparticles and 
more attachment of nanoparticles to the MWCNTs occur. The mechanism of adsorption 
however, as to homogenous or heterogeneous regimes, is yet to be studied. The 
distribution for each of the samples supported by MWCNTs is shown in Fig. 6(a)-(d). 
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Fig. 6: Particle size distribution and populations for nickel chloride samples radiolyzed 
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Fig. 6: Particle size distribution and populations for nickel chloride samples radiolyzed 
by (a) 30kGy (b) 40kGy (c) 50kGy (d) 60kGy gamma-radiation. (contd.) 
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Based on the distributions in Fig. 6, it was observed that there was not much 
reduction in the average particle size between 30kGy and 40kgy samples. However, there 
was a 50% reduction in standard deviation, followed by a more significant reduction in 
average particle sizes for samples irradiated with 50kGy and 60kGy. Table 1 lists the 
average particle sizes and their corresponding standard deviations for a given dose of 
gamma-ray radiation. The variation of average particle size with intensity of radiation is 
shown in Fig. 7. 
Table 1: Average particle sizes and variation with intensity of radiation 
Intensity of Radiation (kGy) Average Particle Size (nm) Standard Deviation (nm) 
30 16.6 ±3.5 
40 16 ±1.7 
50 13.6 ±2.1 
60 11.9 ±2.4 
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R2 = 0.9549 
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Fig. 7: The variation of average particle size (run) with increasing intensity of gamma-ray 
irradiation (kGy). 
From Fig. 7, it is evident that there is a decreasing trend in the size of nickel 
nanoparticles adsorbed on MWCNTs with dose. Since, nickel has a strong tendency to 
oxidize and consequently agglomerate into monovalent oligomers [Belloni et al.l998], 
we propose that if nanoparticles are not adsorbed on MWCNTs on synthesis, the smaller 
Ni0 particles would tend to coalesce and form oligomers, due to high free surface energy. 
Since nickel nanoparticles were adsorbed on MWCNTs even at 30kGy gamma-ray 
irradiation, the concentration of PVP employed proved sufficient to retain the 
nanoparticles in their adsorbed Ni0 state. However, the nanoparticles that did not adsorb 
on MWCNTs due to a lack of active sites or due to coalescence prior to possible 
adsorption, tend to get oxidized in the aqueous solution, due to the positive reduction 
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potential of nickel (+0.28ev). This reasoning is supported by XPS analysis of the Ni-CNT 
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Fig. 8 shows a relatively small Ni 2p3;2 peak at 852.6eV compared to the Ni-0 
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peak at 853 .8eV. Since the Ni-0 peak is sharper, it is suggested that the reduction ofNt2 
to Ni0 is accompanied by the possible bonding between nickel and oxygen. Fig. 9 shows 
that carbon has peaks at 284.6eV (Is) and 285.3eV (C-0). The C-0 peak arises from the 
functionalized sites of MWCNTs. In the absence of literature data for Ni-C peak, we have 
reason to believe that the adsorption of nickel on MWCNTs is through a Ni-0-MWCNT 
bond. The Ni-0 bond is weaker as compared to the C-0 bond, indicated by higher free 
energy of the former. 
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3. 2. 2. Nickel nanoparticles as suspensions: 
For the samples containing only the nickel nanoparticles, the following 
micrographs were obtained for 40kGy, 50kGy and 60kGy radiation doses. 
(a) 
(b) 
Fig. 10: STEM micrograph of nickel nanoparticles produced by (a) 40kGy (b) 50kGy (c) 




Fig. 10: STEM micrograph of nickel nanoparticles produced by (a) 40kGy (b) 50kGy (c) 
60kGy gamma-rays. (d) TEM micrograph of samples irradiated with 60kGy gamma-rays. 
(contd.) 
There is an insignificant yield of nanoparticles at 40kGy, and a higher yield of 
nanoparticles as the dose increases. Particle size distributions for nickel nanoparticles 













8-10 10-12 12-14 18 - 20 20- 22 




6-8 8- 10 10- 12 12- 14 14- 16 















2- 4 4-6 6-8 8- 10 10- 12 12- 14 
Particle Size Range (nm) 
(c) ~------------------------------------~ 
Fig. 11: Particle size distributions of nickel nanoparticles obtained as aqueous 
suspensions by radiation with (a) 40kGy (b) 50kGy (c) 60kGy gamma-rays. 
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The average particle size of nickel nanoparticles obtained for each dose of 
radiation is as shown in Fig. 12. 
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Fig.12: Distribution of average particle size with increasing radiation dosage. 
We propose that the increased success of ionizing reduction consequently 
increases the yield of smaller nickel nanoparticles, justified by the decreasing trend in 
particle size with increasing dose of irradiation. Thus, gamma-ray radio lysis of aqueous 
precursors ofNiCb.6H20 at 40kGy, 50kGy and 60kGy were successful in synthesizing 
nickel nanoparticles in the range of7-14nm. However, 60kGy was observed to yield 
nanoparticles with an average size below 1 Onm, as small as 4nm. Based on both 
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experiments, Table 2 lists the average particle sizes obtained for a given dose of 
radiation. 
Table 2: Average particle size obtained for each dose of radiation - effect of presence of 
MWCNTs. 
Dose of Irradiation (kGy) Samples with MWCNTs Samples without MWCNTs 
(nm) (nm) 
40 16±1.7 14.3± 3.1 
50 13.6±2.1 12.8 ± 2 
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Fig. 13: Plot of average particle size v/s. radiation dose for nickel nanoparticles adsorbed 
on MWCNTs (top) and nickel nanoparticle suspensions (bottom). (The average particle 
size is seen to decrease with increasing dose of radiation in both cases). 
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Fig. 13 leads us to believe that the presence of MWCNTs provides active sites 
that allow seeding of small nanoparticles. These particles grow in size due to 
homogenous adsorption of other small nanoparticles. Hence, the average size of 
synthesized nickel nanoparticles for the same dose of radiation is larger in the presence of 
MWCNTs. Since the Ni-0 bond from XPS analysis is revealed to be weak, we suggest 
that the slight lowering of energy due to bonding with oxygen induces stability to nickel 
nanoparticles. 
4. CONCLUSIONS 
Nickel nanoparticles were successfully obtained by gamma-irradiation. We 
observed that increasing the dose of radiation caused a reduction in average particle size. 
Particles with average sizes of9-13 nm were obtained with 30 to 60 kGy gamma-ray 
radiation of nickel chloride precursors. The concentration of nickel salt used should be 
such that produce nickel ions that can easily be adsorbed onto the active sites of 
MWCNTs. PVP proved to be a more suitable stabilizer for nickel than SDS; varying the 
PVP concentration (<1mM Mol. Wt.: 44000) yields insignificant effects (Rao & Castano, 
2011). Among nickel sulfate and nickel chloride, nickel chloride proved superior in terms 
of particle stability. We believe that the physical obstruction provided by PVP restricts 
both: the apparent desorption of nickel atoms from MWCNTs and subsequent 
agglomeration of nickel nanoparticles that tend to oxidize much easier than other noble 
metals (such as Pd). Since gamma radiation is the reducing agent, sufficient dose is 
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required to ensure complete reduction of divalent nickel ions to nickel atoms. Active sites 
on MWCNTs seem to provide nucleation sites for Ni0 atoms and increase the adsorption 
of nanoparticles. Future investigation on higher intensities of radiation for a larger yield 
of smaller particles ( <1 Onm), type of secondary alcohol used and type of stabilizer 
(surfactant, polymer) will produce a more solid understanding of the interactions that 
control the yield and size of nickel nanoparticles. 
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II. SYNTHESIS OF NICKEL NANOP ARTICLES BY FEMTOSECOND 
LASER ABLATION 
Abstract: 
Nickel nanoparticles were synthesized by femtosecond laser ablation of a pure nickel foil 
in deionized water. Two experiments were performed - (i) single scan: 0.2m W with 
transfer of the plume to acetone (ii) double scan: 0 .2m W followed by a repeated scan 
with O.lmW with transfer ofthe plume to acetone. The average size of particles with 
highest frequency for each experiment was in the 3-6nm and 5-1 Onm range respectively. 
Transferring the plume to acetone causes a film of acetone to develop on the surface of 
the nanoparticles that is proposed to induce stability in size and consequent sphericity. 
Keywords: 
Nickel, nanoparticles, nanofluids, femtosecond, laser, gamma, irradiation 
1. INTRODUCTION 
Nickel nanoparticles have been effectively synthesized as colloids for catalysis by 
chemical reduction methods [1-2][3-6] and as NiCo alloys [7]. Pulsed femtosecond laser 
ablation of nickel targets in vacuum [8-9] and continuous-wave laser ablation to 
synthesize NiO nanoparticles [1 OJ have produced reproducible results. There are 
proposed mechanisms of dissipation of heat energy at different depths during the ablation 
process that cause the ejection of nanoparticles [ 11]. Post-irradiation of a nickel 
nanoparticle plume produced by femtosecond laser ablation has shown to influence the 
resulting particle size [12] . 
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While electrochemical synthesis of stable nickel nanoparticles ( ~5nm) has been 
successful in the presence of stabilizers this technique may not be suitable for use in most 
reactor cooling systems. Nanoparticle production by ionizing radiation has been 
demonstrated as a method to reduce metal salts in aqueous precursors to pure metallic 
atoms. Ionizing radio lysis of an aqueous metal precursor yields radicals of water and ions 
of the metal salt. The chemical simplicity of this process has been utilized in microwave, 
gamma-ray and electron beam nanoparticle irradiation techniques [13-16]. Silver and 
nickel hydroxide free nanoparticles [15], as well as palladium nanoparticles adsorbed on 
multi-walled CNTs obtained by gamma-ray radiolysis [17][15][18] have opened a route 
to economical synthesis of particles such as pure nickel. 
Some of the potential applications for particles of sizes less than 1 Onm include 
enhancing the overall heat transfer of reactor systems as well as improving the thermal 
transport properties of coolant fluids . Nanofluids are fluid based suspensions of 
nanoparticles. Nanofluids have been of great interest with increasing concerns of reactor 
stability and safety [19-20]. They have the ability to dramatically enhance the critical heat 
flux by 200%-300% in systems, at extremely low nanoparticle concentrations [20-21]. 
Nickel has good thermal conductivity at room temperature and proposed 
mechanisms of aligning heat flow by magnetic means of ferromagnetic nickel 
nanoparticles is an application of great potential that can lead to saving in reactor 
systems. Suspensions of nickel nanoparticles in conventional coolant base fluids such as 
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water and ethylene glycol may provide a new direction to thermal transport enhancement. 
Anomalous enhancements in thermal characteristics of nanoparticle suspensions -
nanofluids have been reported for nanoparticles less than 1 Onm in size. At this scale, 
particle geometry is generally spherical, which provides maximum heat transfer area. 
The work represented in this paper is a comparison of the specifications of nickel 
nanoparticles obtained by femtosecond laser ablation of nickel foil under different 
settings. The ease of subsequent processing and reproducibility of particle specifications, 
is of great experimental use for investigation. 
2. EXPERIMENTAL METHODS 
A home-integrated femtosecond (FS) Ti:Sapphire laser 3-D micromachining 
system was used for ablation of a pure nickel foil (99.5% purity). The maximum 
repetition rate, center wavelength and pulse width of the fs laser (Legend-F, Coherent, 
Inc.) were 1kHz, 800 nm and 120fs, respectively. The maximum output power of the FS 
laser was approximately 1 W; however, we used a combination of a half-wave plate and a 
polarizer to first reduce the laser power to 20m W (pulse energy 20~-tJ), and then used 
several neutral density (ND) filters to further reduce the laser power to desirable values 
based on different experimental conditions. The attenuated laser beam was directed into 
objective lenses (Olympus UMPLFL 1 OX, 20X) with different numerical apertures (NA) 
and finally focused onto the nickel sample. For fabrication of nickel nanoparticles, nickel 
samples were translated by a five-axis motion stage (Aerotech Inc.) with a resolution of 
1~-tm. 
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The FS laser was adjusted to focus on the nickel foil. Trenches were fabricated 
layer-by-layer from the surface of the sample to the inside of the sample in the deionized 
(DI) water confinement. After machining, the nickel sample was taken out and the DI 
water was collected in the stabilizer-acetone. Fig. 1 shows the experimental setup used 
for laser ablation of pure nickel foil. 
Fig. I: Specimen setup in water confinement 
For STEM (FEI Helios Nanolab S600) and TEM (FEI TECNAI F20) analysis, a 
few drops of each sample were diluted in acetone and placed on a carbon film coated 
with a copper grid. X-ray Photoelectron Spectroscopy (XPS) (Kratos Axis-165) was 
used to analyze the oxidation state ofNi nanoparticles. 
Preliminary characterization yielded large nickel clusters (~200nm) for a power of 
O.lm W over an area 500~-tmx500~-tm. With the feeding speed maintained constant at 
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5mm/min and laser pulse frequency at 1OOOHz. We then raised the power to 0.2m Wand 
scanning area to 800J.Lmx800J.Lm. We conducted two variations ofthe experiment: 
(a) 0.2mW power on a pure Ni foil and transfer of the plume to acetone and (b) 0.2mW 
pulse power on a pure Ni foil followed by ablation of plume with a power ofO.lmW, 
followed by transfer of the plume to acetone. A 4:1 v/v ratio was maintained while 
transferring the DI water containing the plume to acetone. 
3. RESULTS AND DISCUSSION 
3.1. SINGLE SCAN LASER ABLATION: 
Laser ablation of a pure nickel foil with 0.2m W power in DI water and transfer of 
the plume to acetone, yielded pure, stable nickel nanoparticles in the range of 2-29nm, 
as seen in Fig. 2. We repeated the analysis in 30 days and found that the size of the 




Fig. 2: TEM micrographs (a) and (b), of nickel nanoparticles obtained with 0.2mW 
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Fig. 2: TEM micrographs (a) and (b), of nickel nanoparticles obtained with 0.2mW 
ablation. (c) The EDS spectrum of obtained nickel nanoparticles show the presence of 
pure Ni. (contd.) 
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A particle size distribution of nickel nanoparticles shows the maximum frequency 
of particles to be specifically in the 3-6nm range, followed by the 6-9nm range. The 
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Fig. 3: Particle size distribution of nickel nanoparticles for 0.2m W ablation power, 
followed by transfer to acetone. 
3.2. DOUBLE SCAN LASER ABLATION: 
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Laser ablation of a pure nickel foil with 0.2m W power followed by ablation of the 
plume in the DI water with O.lmW for an equal amount oftime and transfer ofthe plume 
to acetone, yielded pure nickel nanoparticles in the range of 5-25nm, as seen in Fig. 4. 
The EDS spectrum in Fig. 5 shows the presence of pure nickel atoms. 
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(b) 
Fig. 4: TEM micrographs (a) scale: lOnm and (b) scale: 50nm of nickel nanoparticles obtained by 











s Ni lUl :i l ~& 
(c) 5 10 I.ner~· (keV) 15 
Fig. 5: EDS spectrum of obtained nickel nanoparticles shows the presence of pure nickel. 
A particle size distribution of obtained nickel nanoparticles shows the maximum 
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Fig. 6: Particle size distribution of nickel nanoparticles obtained by ablation using 0.2m W 
followed by repeated scanning of the plume at O.lmW and transfer of the plume to 
acetone. 
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3.3. TRANSPARENT BOUNDARY LAYER: 
A closer look at the particle surfaces as in Fig. 7, reveals a transparent layer 
enveloping the spherical nickel nanoparticles. An EDS analysis of the layer and the 
corresponding particle shows only a significant change in the nickel Ka peak, confirming 
the absence of oxygen in the inherent composition of nanoparticles i.e. the possibility of 
nickel oxide nanoparticles is ruled out. 





























in sizes of particles stabilized by acetone measured 30 days apart, we suppose that the 
agglomeration of smaller particles occurs during the cooling of the plume from the 
plasma phase in the DI water. Formation of oligomers ofNi+ and spontaneous oxidation 
are factors to be considered [22], since nickel has a higher tendency to get oxidized than 
Pd or Pt due to its higher positive reduction potential relative to the other species in the 
sample. For nanoparticles of noble metals such as gold or silver that have been produced 
similarly [23-24], the higher tendency to retain the atomic state allows small clusters of 
nanoparticles ( <1 Onrn) to be stable and available for further functionalization. 
4. CONCLUSIONS 
Laser ablation of a nickel foil (99.5% purity) with 0.2m W femtosecond laser 
power followed by: (a) transfer of the plume to acetone yielded nickel nanoparticles with 
maximum frequency in the 3-6nrn range (b) repeated scanning with 0.1mW followed by 
transfer to acetone yielded nickel nanoparticles with maximum frequency in the 5-1 Onrn 
range. Double scan ablation provided no significant advantage over the single scan 
experiment. Either method is suitable for synthesizing stable nickel nanoparticles with 
substantial populations of sizes below 1 Onrn. 
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SECTION 
4. SUMMARY, APPRECIATION AND FUTURE WORK 
Nickel nanoparticles were synthesized by gamma-ray radiolysis of aqueous nickel 
precursors and femtosecond laser ablation of pure nickel foil. Gamma-radiation showed 
that the presence of a low energy substrate such as MWCNTs can provide a site for 
adsorption of nickel atoms and subsequent nucleation that results in possible 
agglomeration of oligomers of nickel. The smallest particle size was obtained with the 
highest dose employed for samples with and without the MWCNTs. In both cases, a 
decreasing trend in average particle size with increasing dosage of gamma-rays is 
observed. 
For samples irradiated with 60kGy gamma-rays, the average size of nickel 
nanoparticles was 11.9±2.4nm whereas the absence of MWCNTs yielded nanoparticles 
of smaller average size: 7.8±2.3nm. We suggest that the absence ofMWCN allows . 
particles of similar surface energy to adhere as clusters. The possibility of oligomer 
formation of monovalent nickel ions needs to be studied further. Further experimentation 
at higher doses of radiation is to be conducted. We expect a plateau of average particle 
I 
size with increasing doses. 
Femtosecond laser ablation, in contrast, produced particles of highest frequency in 
the 3- 6 nm range for a power of0.2mW. Repeated scanning with O.lmW apparently 
induced a minor extent of agglomeration, possibly due to mixing of nucleating nickel 
nanoparticles with those cooling from the plasma phase, after secondary ablation. 
Consequently, the highest frequency of nickel nanoparticles fell in the 5-lOnm range. 
Both methods however, suit applications testing thermal transport properties of 
nanofluids. 
The following table summarizes the results obtained for nickel nanoparticles 
synthesized in each experiment: 
Table 4.1 - Summary of average particle sizes of nickel nanoparticles obtained by 
different methods. 
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Experiment Gamma - Gamma - radiation Single scan Double scan 
radiation (kGy) (kGy) without femtosecond femtosecond 
withMWCNTs MWCNTs laser ablation laser 
(0.2mW) ablation 
40 50 60 40 50 60 (0.2mW + 
0.1mW) 
Average 
Particle Size 6 13.6 11.9 14.3 12.8 7.8 4.5 7.5 
(nm) 
These methods have great potential for utilization in setups that operate in similar 
environments, such as nuclear reactors for gamma-radiation and laser machining 
laboratories for femtosecond laser ablation. The initial capital investment for laser 
ablation is high; however, the sensitivity and accuracy of processing make both processes 
reliable. Nickel nanoparticles synthesized by gamma-radiation are more suited for 
catalysis due to their larger sizes (> 1 Onm) whereas those produced by laser ablation are 
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